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HIGH POWER, HIGH LINEARITY AND LOW INSERTION LOSS SINGLE 
POLE DOUBLE THROW TRANSMITTER/RECEIVER SWITCH 

FIELD OF THE PRESENT INVENTION 

The present invention relates to high frequency semiconductor switches used for 
wireless communication systems, and more particularly, to high-electron-mobility- 
transistor ("HEMT") switches to meet the criteria of high power, low insertion loss, and 
low distortion performance. 

BACKGROUND OF THE PRESENT INVENTION 

In conventional mobile wireless communication systems, especially Global 
System for Mobile Communications ("GSM") cellular handsets, the transmit/receive 
("T/R") switch applied to the antenna end is capable of handling a high power signal of 
up to 35 dBm along with low harmonic distortion and low signal loss. The conventional 
mobile wireless communication systems further use a control voltage to actuate the 
switching wherein the control voltage is limited by the handset battery voltage, which in 
most conventional situations is about 3 volts and, in some cases, even less. 

Figure 1 illustrates a schematic diagram of a conventional single pole double 
throw ("SPDT") field effect transistor ("FET") switch for a receiver port 2 and a 
transmitter port 3 connected to an antenna port 1. When the control voltage V con ti for a 
receiver port 8, the receiver channel 8 providing the communication channel between the 
receiver port 2 and the antenna port 1, is 0.0 volts and the V con t2 for a transmitter port 3, 
the transmitter channel 9 providing the communication channel between the transmitter 
port 3 and the antenna port 1, is 3.0 volts, the FET 5 of the receiver channel 8 is in an 
OFF state because the voltage drop between the gate Gl and the source SI of FET 5 
(Vgisi = Vgi-Vsi) in the FET 5 or the voltage drop between the gate Gl and the drain Dl 
of FET 5 (Vgidi = V G i-V D1 ) in the FET 5 is below FET pinch-off voltage, V P . 

While the FET 5 of the receiver channel 8 is in an OFF state, FET 4 of the 
transmitter channel 9 is in an ON state because the voltage drop between the gate G2 and 
the source S2 of FET 4 (V G 2S2 = V G 2-V S 2) in the FET 4 or the voltage drop between the 
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gate G2 and the source D2 of FET 4 (V G2 D2 =V G2 -V D 2) in the FET 4 is above V P of FET 
4. 

When a high power RF signal passes through the ON-state FET 4 of the 
transmitter channel 9 to antenna port 1, it is also applied to the OFF-state FET 5 of the 

5 receiver channel 8 at the antenna port 1 as well. Due to extremely low resistance loss in 

FET 4, FET 4 remains in the ON state no matter how high a power is applied. 
Essentially, the power loss and generation of distortion are related to the change in 
operational status of FET 5. This can be verified through the simulation of the simplified 
small-signal equivalent circuit model of FET 5, as shown in Figure 2. 

10 Assuming that the RF signal is v = V rf Sin(ojt), the voltage drop at each junction 

of FET 5 is expressed as below: 

V G .si= V gs (DC) + (C G di/(Cgdi+Cgsi)) v (1) 

1 5 Vqidi =Vgd (DC) - (Cgsi/(C GD i+Cgsi)) v (2) 

where V G s(DC) and V G d(DC) are DC voltage drops in each junction in FET 5, 
respectively. Normally, V G d(DC) = V G s(DC) V con ti - V con t2 = -3V; C G si=Cgdi in a 
symmetrically designed FET 5; V rf = 17.8 V for a 35 dBm RF signal, and Vp=-1.0 V 
20 which is a conventional pinch-off value in a HEMT design, then 

Vqisi = -3 + 8.9 • Sin (cot) (3) 

V G idi= -3 - 8.9 • Sin (cat) (4) 

25 

From Equations (3) and (4), it can be seen that V G isi is greater than V P , in a 
certain time period when v is in the positive half cycle, and Vgidi is greater than V P , in a 
certain time period when v is in the negative half cycle. Therefore, FET 5 is not able to 
remain in the OFF state at all times, causing power loss and harmonic distortion. 
30 The capability of power handling in a single FET switch can be estimated based 

on the drain current vs. gate-source voltage curve as illustrated in Figure 3. The 
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maximum power transfer without distortion is achieved by keeping FET 5 in OFF state. 
Hence, 

V r / m ax = |V CO ntl -V CO nt2 ~V P | • ((Cgs1+Cgdi)/CgDi) (5) 

So, the maximum power, ?rf ma x 5 is obtained as demonstrated by Equation (6) 

below. 

Pr/max = (l/2Zo) ((Ccsi + Cgdi)/Cgd0 (V CO ntl - V CO nt2 - y?r (6) 



where Zq is the system impedance, normally equal to 50 CI In a symmetric FET switch, 
Pr/max is calculated to be 22 dBm, which is much less than the specification for SPDT 
switches used in conventional cellular handset applications. 

As seen from Equation (6), the lowering of the pinch-off voltage and/or the 

15 increasing of the control voltage can effectively improve power-handling capability and 

suppress harmonic distortion. However, the battery used in conventional cellular handset 
applications, as mentioned above, limits the control voltage. Moreover, the ON-state 
FET resistance Ron restricts V P . In other words, if the V P is lower, the insertion loss 
increases. Therefore, the lowering of the pinch-off voltage approach or the increasing of 

20 the control voltage approach are not viable candidates to effectively improve power- 

handling capability and suppress harmonic distortion due to the above-noted constraints. 

Another conventional approach to increase power-handling capability is to use a 
plurality of FETs in series to replace single FET SPDT switches as shown in Figure 4. 
As illustrated in Figure 4, an antenna port 1 is connected to a receiver port 2 and a 

25 transmitter port 3 through a receiver channel 6 and a transmitter channel 7, respectively. 

The receiver channel 6 includes three in series FETs (61, 62, and 63), each being 
connected to a control voltage source V con ti. FET 61 has a source SI (which is connected 
to the receiver port 2), a gate Gl, and a drain Dl. FET 62 has a source S2 (which is 
connected to the drain Dl of FET 61), a gate G2, and a drain D2. FET 63 has a source 

30 S3 (which is connected to the drain D2 of FET 62), a gate G3, and a drain D3 (which is 

connected to antenna port 1). 
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Likewise, the transmitter channel 7 includes three in series FET (71, 72, and 73), 
each being connected to a control voltage source V CO nt2. FET 73 has a source S6 (which 
is connected to the transmitter port 3), a gate G6, and a drain D6. FET 72 has a source 
S5 (which is connected to the drain D6 of FET 73), a gate G5, and a drain D5. FET 71 
5 has a source S4 (which is connected to the drain D5 of FET 72), a gate G4, and a drain 

D4 (which is connected to antenna port 1). 

As explained above, the maximum transmit power with extremely low harmonic 
distortion can be derived based on the small signal equivalent circuit in Figure 5. 

10 PRF ma x= (9/2Z 0 ) ((Cgsi + C G di)/Cgdi) 2 (Vcontl - V cont2 - V P ) 2 (7) 

where, assuming all three FETs are identical; i.e., Cgsi = Cgs2 = Cgs3 = Cgs and Cgdi = 
Cgd2 = Cgd3 = Cgd- Taking the parameters for a single FET, the maximum power PRFmax 
without distortion in three-FET switch can be calculated as 31.5 dBm according to 
15 Equation (7). Compared to the 22 dBm of PRFmax in the single FET switch analysis 

above, it clearly indicates that more FETs in series can improve power-handling 
capability of the switch. Thus, the PRFmax for "n" FETs in series can be easily deduced 
from Equation (7) as follows: 

20 PRFmax = (n 2 /2Zo) ((Cgsi + Cgdi)/CgDi) 2 (V C ontl - V con t2 - V P ) 2 (8) 

The correlation of switch insertion loss in the transmitter branch and FET characteristics 
is written below. 

25 IL -201og(l+(Ro n /2Zo)) (9) 

Ron nL G /(W G (V contl -V cont2 -V P )) (10) 

where IL is the insertion loss in dB, Ron is the total resistance of ON-state FETs in the 
30 transmitter branch, Wg is the gate width of each FET, and Lo is the gate length of each 

FET. 
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Equations (8) to (10) indicate that in a traditional SPDT switch, an increase of the 
number of FETs in series enhances the power handling capability and reduces signal 
distortion. On the other hand, the more FETs in series leads to a higher insertion loss. In 
addition, the increase of insertion loss caused by the reduction of Vp, as mentioned above, 
5 is confirmed through the correlation of Ron and Vp, in Equation (10). 

Therefore, it is desirable to provide a SPDT switch with improved power- 
handling capability, low harmonic distortion, and low insertion loss that is not limited by 
the voltage of the battery being used in the cellular handset application, the pinch-off 
voltage of the FET used in the SPDT switch or the number of FETs in series in the SPDT 
10 switch. 



SUMMARY OF THE PRESENT INVENTION 

A first aspect of the present invention is directed to a switch. The switch includes 
a plurality of field effect transistors connected in series, each field effect transistor 
15 including a gate, a source, and a drain. The gate of one of the series connected field 

effect transistors is a different size from the gate of another series connected field effect 
transistor. 

A second aspect of the present invention is a switch. The switch includes a 
plurality of dual-gate field effect transistors connected in series, each dual-gate field 
20 effect transistor including two gates, a source, and a drain. One of the series connected 

dual-gate field effect transistors has a modified gate therein that is of a different size from 
gates of other series connected dual-gate field effect transistors. 

A third aspect of the present invention is a high-electron-mobility-transistor. The 
high-electron-mobility-transistor includes two gate fingers; a transistor connection 
25 segment between the gate fingers; and a heavily doped cap layer fabricated upon the 

transistor connection segment between the gate fingers. 

A fourth aspect of the present invention is a radio frequency single pole double 
throw switch. The radio frequency single pole double throw switch includes a receiver 
port; a transmitter port; an antenna port; a receiver section connecting the receiver port to 
30 the antenna; and a transmitter section connecting the transmitter port to the antenna. The 

receiver section includes a plurality of dual-gate field effect transistors connected in 
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series, each dual-gate field effect transistor including two gates, a source, and a drain 
such that one of the series connected dual-gate field effect transistors has a modified gate 
therein that is of a different size from gates of other series connected dual-gate field 
effect transistors. 

5 A fifth aspect of the present invention is a radio frequency single pole double 

throw switch. The radio frequency single pole double throw switch includes a receiver 
port; a transmitter port; an antenna port; a receiver section connecting the receiver port to 
the antenna; and a transmitter section connecting the transmitter port to the antenna. The 
receiver section includes a plurality of field effect transistors connected in series, each 
10 field effect transistor including a gate, a source, and a drain such that one of the series 

connected field effect transistors has a modified gate therein that is a different size from 
the gate of another series connected field effect transistor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 The present invention may take form in various components and arrangements of 

components, and in various steps and arrangements of steps. The drawings are only for 
purposes of illustrating a preferred embodiment or embodiments and are not to be 
construed as limiting the present invention, wherein: 

Figure 1 is a schematic diagram of a conventional single FET SPDT T/R switch; 
20 Figure 2 is a diagram of simplified small signal equivalent circuit model for the 

SPDT switch structure of Figure 1; 

Figure 3 is a drain current vs. gate voltage curve and the swing level of the input 
RF signal in the receiver FET structure of Figure 1; 

Figure 4 is a schematic diagram of a conventional three FET SPDT T/R switch; 
25 Figure 5 is a diagram of simplified small signal equivalent circuit model for the 

OFF-state FETs in the conventional three FET structure of Figure 4; 

Figure 6 illustrates a FET SPDT that includes additional capacitance between the 
gate and the drains or sources of the FETs; 

Figure 7 illustrates an equivalent circuit for OFF FETs of Figure 6; 
30 Figure 8 illustrates an equivalent circuit for OFF FETs of Figure 6 under small 

signal analysis; 
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Figure 9 is a schematic diagram of a three dual-gate FETs SPDT T/R switch with 
modified FET gate dimension according to the concepts of the present invention; 

Figure 10 is a schematic diagram of the cross-section view of one dual-gate FET 
structure of Figure 9 having a modified FET gate dimension according to the concepts of 
5 the present invention; 

Figure 1 1 is a schematic diagram of the cross-section view of another dual-gate 
FET structure of Figure 9 having a modified FET gate dimension according to the 
concepts of the present invention; 

Figure 12 is a schematic diagram of the cross-section view of a third dual -gate 
10 FET structure of Figure 9 having a conventional FET gate dimension according to the 

concepts of the present invention; 

Figure 13 is a diagram of a small signal equivalent circuit for the OFF-state three 
dual-gate FET structures of Figure 9; 

Figure 14 is a diagram of the simplified small signal equivalent circuit extracted 
15 from Figure 13; 

Figure 15 is a diagram of simulated Vgs and V G d as function of time for FET with 
longer gate length and FET with normal gate size in a three dual-gate FETs in series 
SPDT T/R switch; and 

Figure 16 is a diagram of cross-section of a conventional dual-gate HEMT. 

20 

DETAILED DESCRIPTION OF THE PRESENT INVENTION 

The present invention will be described in connection with preferred 
embodiments; however, it will be understood that there is no intent to limit the present 
invention to the embodiments described herein. On the contrary, the intent is to cover all 
25 alternatives, modifications, and equivalents as may be included within the spirit and 

scope of the present invention as defined by the appended claims. 

For a general understanding of the present invention, reference is made to the 
drawings. In the drawings, like reference numbering has been used throughout to 
designate identical or equivalent elements. It is also noted that the various drawings 
30 illustrating the present invention are not drawn to scale and that certain regions have been 
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purposely drawn disproportionately so that the features and concepts of the present 
invention could be properly illustrated. 

As will be described below, the transmitter-receiver (T/R) switch of the present 
invention can be constructed of field effect transistors, such as MOSFET, MESFET, or 
pHEMT. In a preferred embodiment of the present invention, the transmitter-receiver 
(T/R) switch of the present invention is constructed using a plurality of HEMTs. An 
example of a conventional HEMT is illustrated in Figure 16. Moreover, the T/R switch 
of the present invention utilizes three series dual-gate FETs. An example of such a T/R 
switch having three series dual-gate FETs is illustrated in Figure 6. 

Figure 6 illustrates a dual-gate FET SPDT. The SPDT is divided in two sections, 
the transmitter channel 112 that is connected between a transmitter port 3 and an antenna 
port 1 antenna and a receiver channel 114 that is connected between a receiver port 2 and 
an antenna port 1. 

The transmitter section 112 includes FETs 106, 107, and 108, wherein each of 
these FETs are dual-gate FETs having at least two gates in a preferred embodiment. The 
drain of the FET 106 is connected to the transmitter 3. The dual-gates of the FET 106 are 
connected to a first set of resistors 116, each of the resistors of the first set 116 having a 
resistance of R and being connected to a first DC voltage control source 122. The source 
of the FET 106 is connected to the drain of FET 107, and the gates of FET 107 are 
connected to a second set 118 of resistors, each of the resistors having a resistance of R 
and being connected to the DC voltage control source 122. The source of the FET 107 is 
connected to the drain of FET 108, and the gates of FET 108 are connected to a third set 
of resistors 120, each of the resistors having a resistance of R and being connected to the 
voltage control source 122. The source of the FET 108 is connected to the antenna port 
1. 

As illustrated in Figure 6, a first end of an external capacitor 126 is connected to 
the transmitter port 3, and a second end of external capacitor 126 is connected to one of 
the resistors of the first set of resistors 116. Also, a first end of an external capacitor 128 
is connected to the antenna port 1, and a second end of external capacitor 128 is 
connected to one of the resistors of the third set of resistors 120. 
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The receiver section 114 of the illustrated SPDT includes FETs 109, 110, and 
111. The drain of the FET 109 is connected to the antenna port 1, and the gate of the 
FET 109 is connected to a fourth set of resistors 130, each of the resistors having a value 
of R and being a second DC voltage control source 124. The source of the FET 109 is 

5 connected to the drain of the FET 110, and the gates of the FET 110 are connected to a 

fifth set of resistors 132, each resistor having a value of R and being a second DC voltage 
control source 124. The source of the FET 110 is connected to drain of FET 111. The 
gates of FET 111 are connected to a sixth set of resistors 134, each resistor having a value 
of R and being a second DC voltage control source 124. The source of the FET 111 is 

10 connected to the receiver port 2. 

An external capacitor 136 is connected to the antenna port 1 and one of the fourth 
set of parallel resistors 130. Another external capacitor 138 is connected to the receiver 
port 2 and to one of the sixth set of parallel resistors 134. 

When the SPDT transmits high power to the antenna port 1, the receive section 

15 114 is supposed to be OFF to provide high isolation to the receive port 2. In conventional 

circumstances, a high output power applied to the OFF FETs 109, 110, and 111 of the 
receive section 114 would turn some of the FETs back ON; however, with the addition of 
the external capacitors 126, 128, 136, and 138, the power handling capability of the 
SPDT switch of Figure 6 is increased due to the main distortion mechanism of the SPDT. 

20 More specifically, if the gate to drain voltage (V G d) or the gate to source (V G s) is 

greater than the pinch-off voltage V P of a FET, the FET will start to turn ON, which will 
cause RF power "bleeding" to ground through the receive port, therefore increasing 
harmonic distortion. However, in accordance with the concepts of the present invention, 
the distortion is greatly improved by adjusting the Vgd and V G s of each individual OFF 

25 FET. This is accomplished in two steps. 

First, the present invention uses multiple dual-gate FETs in series to emulate 
multi single-gate FETs, therefore the peak-to-peak voltage is significantly reduced. In 
the preferred embodiment of the present invention, three dual-gate FETs in series to 
emulate six single-gate FETs. 

30 Secondly, the present invention adds capacitance between either the gate and 

drains or gates and sources of the FETs. One possible way of adding capacitance 
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between either the gate and drains or gates and sources of the FETs is illustrated in Figure 
6. As illustrated in Figure 6, external capacitors are added between the gates and drains 
and the gates and sources of the FETs to further reduce the peak-to-peak voltage. 

Figure 7 illustrates an equivalent circuit for the OFF FETs of Figure 6 operating at 
a frequency of 900 MHz, 36 dBm of input power, and -1 .0 pinch-off voltage. The three 
dual-gate OFF FETs are approximately the same, and each one is symmetrical from the 
drain to the source side. It is assumed that C G doff = Cgsoff in this example. If the device 
were asymmetrical, these two values can be different. It is further noted that the external 
capacitors 164 and 166 are assumed to have equal capacitance, C E xt- 

For the OFF FETs, an equivalent circuit for a receive section 150 is provided, as 
shown in Figure 7. The receive section 150 includes an antenna port 1 and a receiver port 
2. The drain of a FET 152 is connected to the antenna port 1, and the gate of the FET 
152 is connected to a resistor 168 having a resistance R. The resistor 168 is also 
connected to a DC voltage control source Vctrl. An external capacitor 164 is connected 
to the gate of the FET 152 and the antenna port 1. The source of the FET 152 is 
connected to the drain of a FET 154. 

The gate of the FET 154 is connected to a resistor 172, and the source of the FET 
154 is connected to the drain of a FET 156. The resistor 172 is also connected to the DC 
voltage control source Vctrl and has a resistance of R. The gate of FET 156 is connected 
to a resistor 170, and its source is connected to the drain of a FET 158. The resistor 170 
is also connected to the DC voltage control source Vctrl and has a resistance of R. The 
gate of FET 158 is connected to a resistor 174, and the source of FET 158 is connected to 
the drain of a FET 160. The resistor 174 is also connected to the DC voltage control 
source Vctrl and has a resistance of R. The gate of FET 160 is connected to a resistor 
173, and the source is connected to the drain of a FET 162. The resistor 173 is also 
connected to the DC voltage control source Vctrl and has a resistance of R. The gate of 
FET 162 is connected to a resistor 176, and the source is connected to drain of the 
receiver port 2. The resistor 176 is also connected to the DC voltage control source Vctrl 
and has a resistance of R. An external capacitor 166 is connected to the gate of FET 162 
and the receiver port 2. 
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Figure 8 illustrates an equivalent circuit model for OFF FETs of Figure 6 under 
small signal analysis. The receiver section 177 includes a receiver port 2, an antenna port 
1, and a DC voltage control source Vctrl. In this arrangement, the FETs are modeled as 
capacitors, because in the small signal range most FETs possess large capacitive 
properties. Each FET is modeled to have two parallel gate-to-source capacitors (Cos) and 
a drain-to-source capacitor (Cos)- 

A drain-to-source capacitor 178 is associated with the FET 152 of Figure 7, and is 
connected to the antenna port 1 and a drain to source capacitor 180 associated with the 
FET 154 of Figure 7. The gate-to-source capacitors 1106 and 1108 are associated with 
FET 152 of Figure 7. The first end of the gate-to-source capacitor 1106 is connected to 
the first end of the drain-to-source capacitor 178, and its second end is connected to the 
first end of a resistor 190 that has a resistance value R. The first end of the gate-to-source 
capacitor 1108 is connected to the second end of the capacitor 178, and its second end is 
connected to the first end of the resistor 190. The resistor 190 is also connected to a DC 
voltage control source Vctrl. 

The second end of the drain-to-source capacitor 180 is connected to the first end 
of a drain-to-source capacitor 182 that is associated with the FET 156 of Figure 7, Gate- 
to-source capacitors 1112 and 1110 are associated with the FET 154 of Figure 7. The 
first end of the gate-to-source capacitor 1112 is connected to the first end of the drain-to- 
source capacitor 180, and its second end is connected to the first end of a resistor 192 
having a resistance R. The first end of the gate-to-source capacitor 1110 is connected to 
the second end of the drain-to-source capacitor 180, and its second end is connected to 
the first end of the resistor 192. The second end of the resistor 192 is connected to the 
DC voltage control source Vctrl. 

The second end of the drain-to-source capacitor 182 is connected to the first end 
of a drain-to-source capacitor 184 that is associated with the FET 158 of Figure 7. Gate- 
to-source capacitors 1114 and 1116 are associated with the FET 156 of Figure 7. The 
first end of the gate-to-source capacitor 1114 is connected to the first end of the drain-to- 
source capacitor 182, and its second end is connected to the first end of a resistor 194 
having a resistance R. The first end of the gate-to-source capacitor 1116 is connected to 
the second end of the drain-to-source capacitor 182, and the second end of the gate-to- 
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source capacitor 1116 is connected to the first end of the resistor 194. The second end of 
the resistor 194 is connected to the DC voltage control source Vctrl 

The second end of the drain-to-source capacitor 184 is connected to the first end 
of a drain-to-source capacitor 186 that is associated with the FET 160 of Figure 7. Gate- 
5 to-source capacitors 1120 and 1118 are associated with the FET 158 of Figure 7. The 

first end of the gate-to-source capacitor 1120 is connected to the first end of the drain-to- 
source capacitor 184, and its second end is connected to the first end of a resistor 196 
having a resistance R. The first end of the gate-to-source capacitor 1118 is connected to 
the second end of the drain-to-source capacitor 184, and its second end is connected to 

10 the first end of the resistor 196. The second end of the resistor 196 is connected to the 

DC voltage control source Vctrl. 

The second end of the drain-to-source capacitor 186 is connected to the first end 
of a drain-to-source capacitor 188 that is associated with the FET 162 of Figure 7. Gate- 
to-source capacitors 1122 and 1124 are associated with the FET 160 of Figure 7. The 

15 first end of the gate-to-source capacitor 1122 is connected to the first end of the drain-to- 

source capacitor 186, and its second end is connected to the first end of a resistor 198 
having a resistance R. The first end of the gate-to-source capacitor 1124 is connected to 
the second end of the drain-to-source capacitor 186, and its second end is connected to 
the first end of the resistor 198. The second end of the resistor 198 is connected to the 

20 DC voltage control source Vctrl. 

The second end of the drain-to-source capacitor 188 is connected to the receiver 
port 2. Gate-to-source capacitors 1126 and 1128 are associated with the FET 162 of 
Figure 7. The first end of the gate-to-source capacitor 1126 is connected to the first end 
of the drain-to-source capacitor 188, and its second end is connected to the first end of a 

25 resistor 1100 having a resistance R. The first end of the gate-to-source capacitor 1128 is 

connected to the second end of the drain-to-source capacitor 188, and its second end is 
connected to the first end of the resistor 1100. The second end of the resistor 1100 is 
connected to the DC voltage control source Vctrl. 

An external capacitor 1104 is connected to the antenna port 1 and to the resistor 

30 190. Another external capacitor 1102 is connected to the receiver port 2 and resistor 

1100. 
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As mentioned above, the three dual-gate OFF FETs are approximately the same, 
and each one is symmetrical from the drain to the source side. It is assumed that each 
FET is symmetrical from the drain to the source side in Figure 7, the equivalent circuit 
for the OFF FETs of Figure 6. Therefore, Cgdoff equals Cgsoff in this example. It is 
further noted that the external capacitors 164 and 166 are assumed to have equal 
capacitance, Cext- 

The voltages of the gate to drain or gate to source in the FET 152, FET 154, FET 
156, FET 158, FET 160 and FET 162, in Figure 7, can be derived from the small signal 
equivalent circuit model in Figure 8. 

The V GD and V GS of the FET 152 are defined as: 

V GD = Vctrl - (((C G soff/(12 Cgsoff + 10C E xT))*V D sin(27t f 0 t)) (11) 

V GS = Vctrl + ((((Cgsoff + C EXT )/(12 Cgsoff + 10C EXT ))*V D sin(27t f 0 t)) (12) 

where f 0 is the operational frequency, Cext is the capacitance of the external capacitor 
164, and V D is the voltage applied at the drain of FET 152. 
The V G d and V G s of the FET 154 are defined as: 

Vgd = Vctrl - ((((Cgsoff + Cext)/(12 Cgsoff + 10C E x T ))*V D sin(2n f 0 t)) (13) 

Vcs = Vctrl + ((((Cgsoff + C EXT )/(12 C GSO ff + 10C EXT ))*V D sin(27i f 0 t)) (14) 

The Vgd and V G s of the FET 156 are defined as: 

V GD = Vctrl - ((((Cgsoff + C EXT )/(12 C GSO ff + 10C EXT ))*V D sin(2jt f 0 t)) (15) 

V GS = Vctrl + ((((Cgsoff + C EXT )/(12 Cgsoff + 1 0C EXT ))* V D sin(2n: f 0 t)) (16) 

t 

The Vgd and V G s of the FET 158 are defined as: 
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V GD = Vctrl - ((((Cgsoff + C E xt)/(12 Cgsoff + 10C E xT))*V D sin(27t f 0 t)) (17) 

V GS = Vctrl + ((((Cgsoff + C E xt)/(12 Cgsoff + 10C E xT))*V D sin(27i f 0 t)) (18) 

The V GD and V G s of the FET 160 are defined as: 

V GD = Vctrl - ((((Cgsoff + C EXT )/(12 Cgsoff + 10C EX T))*V D sin(2jt f 0 t)) (19) 

V GS = Vctrl + ((((Cgsoff + C EXT )/(12 Cgsoff + 10C E x T ))*V D sin(27i f 0 t)) (20) 

The Vgd and V G s of the FET 162 are defined as: 

Vgd = Vctrl - ((((Cgsoff + C E xt)/(12 Cgsoff + 10C EXT ))*V D sin(2n f 0 t)) (21) 

V GS = Vctrl + ((((Cgsoff + C EX t)/(12 Cgsoff + 10C EX T))*V D sin(2jt f 0 t)) (22) 

From Equations 1 1-22, the relationship between the capacitance of the external 
capacitors 164 and 166 and V GD of the FET 152 or V G s of FET 158 can be determined. 
By increasing the capacitance of the external capacitors 164 and 166, the RF peak-peak 
magnitude of the V GD of the FET 152 and the V G s of FET 158 is decreased. The circuit 
arrangement causes a behavior wherein during the first half cycle, the Vgd and Vgs of the 
FET 158 are less than the pinch-off voltage V P , and during the second half cycle the Vgd 
and V GS of the FET 152 are less than pinch-off voltage V P . This enables that during the 
first half cycle the FET 158 is pinched off and during the second half cycle the FET 152 
is pinched off; therefore, the receive path remains pinched off over the whole period. 

These capacitors are used to keep the FETs in the OFF branch pinched-off, and 
improve the power handling capability and harmonic performance of the switch. 
Additional external capacitors (not shown) may be used to isolate the DC voltage used to 
control the switch from the rest of the system. These capacitors should be large enough 
to function as DC blocking capacitors. 
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Notwithstanding the improvements provide by the concepts of the present 
invention as illustrated in Figures 6-8 and described above, it is further desirable to 
realize this improvement without adding significant cost or complexity to the circuitry 
design. It is also desirable to improve the robustness of the switch to Electro-Static 
Discharge (ESD) or overstress phenomena such as Electrical Overstress (EOS). 

To realize this desire, in a preferred embodiment of the present invention, as will 
be described in more detail below, provides a receiver branch design having at least one 
of the gate metals in the multi-gate FETs being fabricated with a gate size several times 
larger than the others. This modification of gate size reduces cost or complexity to the 
circuitry design while improving the harmonic distortion, power handling capability, and 
the insertion loss. 

Moreover, in a further embodiment of the present invention, a heavily doped cap 
layer is utilized between the gate fingers in a multi-gate FET to reduce the channel 
resistance of FET, thereby further lowering the insertion loss. 

Figure 9 illustrates an example of a dual-gate FET T/R switch with modified gate 
sizes to improve the switch linearity under a high power signal. As shown in Figure 9, 
three dual-gate FETs 81, 82, and 83 of receiver section 80 are connected in series 
between an antenna port 1 and receiver port 2, and three dual-gate FETs 91, 92, and 93 of 
transmitter section 90 are connected in series between the antenna port 1 and transmitter 
port 3. 

Furthermore, Figure 9 illustrates that in the receiver section 80, the source of FET 
81 is connected to the receiver port 2. Gates 811 and 812 of FET 81 are each connected 
to a resistor having a value R. The drain of FET 81 is connected to the source of FET 82. 
Gates 821 and 822 of FET 82 are each connected to a resistor having a value R. The 
drain of FET 82 is connected to the source of FET 83. Gates 831 and 832 of FET 83 are 
each connected to a resistor having a value R. The drain of FET 83 is connected to the 
antenna port 1. 

Also, Figure 9 illustrates that in the transmitter section 90, the source of FET 93 is 
connected to the transmitter port 3. Gates 931 and 932 of FET 93 are each connected to a 
resistor having a value R. The drain of FET 93 is connected to the source of FET 92. 
Gates 921 and 922 of FET 92 are each connected to a resistor having a value R. The 
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drain of FET 92 is connected to the source of FET 91. Gates 911 and 912 of FET 91 are 
each connected to a resistor having a value R. The drain of FET 91 is connected to the 
antenna port 1. 

It is noted that, in the example illustrated by Figure 9, the gates 811, 832, 911, and 
932 have lengths longer than the lengths of gates 812, 821, 822, 831, 912, 921, 922, and 
931. In this embodiment each gate has been connected to a resistor with the same value, 
R. In other embodiments it might be desirable to have different values for each gate. 

To more clearly show the dimensional differences between the various gates, the 
cross-sections of transistors 81, 82, and 83, as shown in Figure 10, 12, and 11, 
respectively, have been illustrated. 

More specifically, as illustrated in Figure 10, the FET 81 includes two gates 811 
and 812. As illustrated, the length, Lgi, of gate 811 is longer than the length, Lg2, of gate 
812. It is further noted that FET 81 includes a heavily doped cap 815 located between 
gates 811 and 812. In the preferred embodiment, this cap 815 is heavily n-doped. As 
noted above, the heavily doped cap 815 reduces the channel resistance of FET, thereby 
further lowering the insertion loss. 

As illustrated in Figure 11, the FET 83 includes two gates 831 and 832. As 
illustrated, the length, Lg6> of gate 832 is longer than the length, Lgs> of gate 831. It is 
further noted that FET 83 includes a heavily doped cap 835 located between gates 831 
and 832. In the preferred embodiment, this cap 835 is heavily n-doped. As noted above, 
the heavily doped cap 835 reduces the channel resistance of FET, thereby further 
lowering the insertion loss. 

As illustrated in Figure 12, the FET 82 includes two gates 821 and 822. As 
illustrated, the length, L G 4, of gate 842 is equal to the length, L G 3, of gate 821. It is 
further noted that FET 82 includes a heavily doped cap 825 located between gates 821 
and 822. In the preferred embodiment, this cap 825 is heavily n-doped. As noted above, 
the heavily doped cap 825 reduces the channel resistance of FET, thereby further 
lowering the insertion loss. 

To explain the advantages of the various embodiments illustrated in Figures 9-12, 
a small signal equivalent circuit model of the receiver section 80 (Off-state FETs 81, 82, 
and 83) is shown in Figure 13. Since there is an extremely large channel resistance Rch in 
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each transistor 81, 82, and 83 in the OFF state, the small signal model in Figure 13 can be 
further simplified, as shown in Figure 14. 

As illustrated in both Figures 13 and 14, the control voltage is applied to each gate 
through an extremely large resistor R that prevents the RF signal from bleeding to the DC 
5 control voltage source Vcontl. Thus, the voltage at the gate port is expected to be the 

same as V con ti at the resistor end. 

Similar to the analysis of a single FET switch, the voltage drop in each FET 
junction can be expressed as a function of capacitance and control voltage. In the 
explanation below, it is assumed that all FETs with smaller gate sizes are designed 
10 symmetrically and have the same gate length. It is further is assumed that Cgisi = Cgidi 

(where I = 2 to 5), where Cgisi = C G si + C S pi and Cgidi = C GD i + C D pi. Cdpi and C S pi are 
fringing parasite capacitances that are the function of distance between gate metal to 
drain and source metals, respectively, as demonstrated in Figure 10. 

For gate 811 of FET 81, as illustrated in Figure 10, and gate 832 of FET 83, as 
15 illustrated in Figure 1 1, C G isi = C G6 D6 and Cgidi = C G6 S6 due to the mirror-like layout. 

For simplification, let Cgisi = Cgidi = Coff (where 1-3, 4); C G isi= Cgidi = C 0 ff 
(where I - 2, 5); C G isi = C G6 D6 = Coffi, and Cgidi = C G6 S6 = C 0 ff2- Then, the voltage 
drops for long gate 811 of FET 81 are as follows: 

20 V G is.=Vco„ti-V C ont2 + (1/((4Coffi/Coff)+(4C 0 ffi/Coff)+(2Coffi/Coff2)+2))*v (23) 

V G iDi=Vco„ti-Vcont2 - (1/((4Coff2/Coff)+(4Coff2/Coff)+(2C 0 ff2/Coffi)+2))*v (24) 

The voltage drops for short gate 812 of FET 81 are as follows: 

25 

V G 2S2=V C onti-V C o„,2 + (1/((4C 0 ff/Coff)+(2Coff/Coffi)+(2C 0 ff/Coff2)+4))*v (25) 

V G 2D2=V C o„,i-V CO nt2 - (1/((4C 0 ff/Coff)+(2Coff/Coffi)+(2C 0 ff/Coff2)+4))*v (26) 
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The voltage drops for gates 821 and 822 of FET 82 can be easily derived similar 
to Equation (25) and (26) because of the same FET layout. More specifically, V G 3S3 is 
equal to V G4 s4, and V G 3D3 is equal to V G 4D4 as shown below: 

5 V G3S 3=V C ontl-V CO nt2 + (1/((4C 0 Ff/C 0 Ff)+(2 W (27) 

V G3 D3=V C onti-V CO nt2 - (1/((4C 0 ff/Coff)+(2Coff/CoffiH2C 0 ff/Coff2)+4))*v (28) 

In a preferred embodiment, the layout of gate 831 of FET 83 (Figure 11) is the 
10 same as gate 812 in FET 81 (Figure 10). Thus, V G5S 5 is equal to V G2 s2, as in Equation 

(25), and V G5 D5 is equal to V G2 D2, as in Equation (26). Moreover, in a preferred 
embodiment, gate 832 of FET 83 (Figure 11) has a mirror-like layout to gate 811 of FET 
81 (Figure 10). Thus, the Equations of V G 6S6 and V G6 D6 are as follows: 

15 V G6 s6=V CO nti-V cont2 + (1/((4C 0 ff2/CoffW^ (29) 

V G6D 6=V contl -V CO nt2 - (1/((4Coffi/Coff)+(4Coffi/Coff)+(2Coffi/Coff2)+2))*v (30) 

The operational status of each FET depends on the gate-source voltage V GS (or 
20 gate-drain voltage V GD ) and pinch-off voltage V P . As long as either V G s or V GD is less 

then V P ; i.e., (V GS or V GD ) < V P ; the FET is in the OFF state. 

To suppress harmonic distortion and enhance power handling in a T/R switch, the 
leakage of the RF signal from receiver branch to ground must be minimized while the 
high power RF signal is transmitted to the antenna. This implies that at least one of the 
25 FETs in the receiver branch must remain in the OFF state. 

Before explaining the switch mechanism of the present invention, the correlation 
between the parasitic capacitances Coff, Coff, Coffi, and C 0 ff2 will be discussed based 
on the transistor physical models as illustrated in Figures 10-12. 

When the epitaxy of a FET structure is fixed, the parasitic parameters in the FET 
30 equivalent circuit model are directly related to the FET geometric sizes, such as gate 

length L G , gate width W G , space between gate and source port L G s, and the space 
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between gate and drain port Lgd, etc. Normally, the intrinsic capacitances Cos and Cgd 
are dependent on the gate size, for example: 

C GS -W G L G CoxFi(V D s) (31) 

5 

Cgd=WgL g CoxF 2 (V D s) (32) 

where C 0 x is the capacitance associated with the FET epitaxial structure, and Fi(V DS ) 
and F 2 (V D s) are special functions varying with drain-source voltage. When the FET is 

1 0 OFF, both Fi and F 2 are constant. 

It can be seen from the above Equations that the longer the gate length, the larger 
Cgs and Cgd- Assuming that gate length is N times greater than a standard gate length 
(normally 0.5 micron), C G s and C G d are increased about the same amount, theoretically. 
In reality, when a FET operates in a deep OFF state, these intrinsic capacitances 

15 are not only proportional to the gate length, but are also, to some degree, reversely 

proportional to the distance between the gate metal to the drain or source port, L G s and 
L G d, respectively. Consequently, C G s and Cgd decrease with an increase in L G s and L G d. 
The reason is due to the high resistivity depletion area extending beyond the gate area 
towards the drain and source electrodes with more negative FET junction biases. This 

20 emulates an increase in the distance between the two metal plates in a parallel-plate 

capacitor, leading to the decrease in capacitance. 

In Figure 10, it is seen that there are some extrinsic capacitances, Cspi, Csp2, 
Cdpi, and C D p2, generated between the electrodes, in addition to the intrinsic 
capacitances. This kind of capacitor is called a fringing capacitor, and it behaves like a 

25 parallel-plate capacitor. In other words, this capacitance is inversely proportional to the 

distance between the gate and drain or source port. 

As with the intrinsic capacitors, the fringing capacitance also increases with the 
gate width. For the insertion loss of the switch, the large L G i results in a larger channel 
resistance Rem in the ON-state FET 81, as indicated in Equation (10) above. 
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To compensate for this drawback, a longer gate width is designed since Ron is 
inversely proportional to the gate width. Increasing gate width leads to an increase in 
intrinsic capacitance, Cgs and Cgd, and fringing capacitance, Csp and Cop. 

Looking at the equivalent circuit models of Figures 10 and 11, Coffi = Cgisi = 
Cgsi + C S pi; C 0 ff2 = Cgidi = Cgdi + Cdpi; and Coff = C G 2S2 = Cgs2 + C S p2- In Figure 
12, Coff can be calculated as C 0 ff = C G 3S3 = C G S3 + C S p3- In a symmetrically designed 
FET, it is reasonable to let Csp = C D p. 

Assuming that L G i and L G 6 is N times greater than L G 2 (or L G 3...), an d W G of 
FET 81 (Figure 10) and FET 83 (Figure 11) is N* times longer than W G of FET 82 
(Figure 12), the correlations among Coffi, C 0 ff2, C 0 ff, and C 0 ff are approximately 
expressed as: 

(Coffi/Coff) = (NNCgs2+Cspi)/(Cgs2+C S p2) (33) 

(Coffi/Coff) = (NNC G s3+Cspi)/(Cgs3+Csp3) (34) 

(Coffi/Coff2) = (Cgsi+Cspi)/(Cgdi + Cdpi) (35) 

given that Lgsi < Lgs2 = Lgs3 < Lgdi, Cspi > Csp2 = NCsp3 and Csp2 > Cdpi; 
consequently, Coffi/Coff > Coffi/Coff >N*N', and Coffi/Coff2>1. 

It is noted that the increase in gate width impacts another parasitic capacitor, C D s- 
Cos in the OFF-state FET plays a role in the isolation performance, a benefit of a SPDT 
switch. This isolation performance determines how much RF energy leaks from the 
antenna port to the OFF port, or vice versa. Normally, increasing Cos deteriorates 
isolation of the OFF-state FET. However, the present invention utilization of the longer 
gate length compensates for the increase in Cos because the physical distance between 
drain and source is extended. Therefore, the resulting C D s basically remains the same as 
that of FET with normal gate length and gate width. 

In Equations (23) and (30), the third item is much less than v/(8N*N'+ 4), while 
the third items in the other FET junctions, such as Vg3S3 (Equation 27) and V G 3D3 
(Equation 28) is about v/(8 + 4/N*N'). In the case of three dual-gate FETs in series 
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without modification of gate size, the third item is 1/1 2 v. This implies that the 
fluctuation of voltage drop of the junction G1S1 and G6D6 due to the transmitted RF 
signal is dramatically reduced compared with those of other junctions. 

As long as this fluctuation is less than |V CO ntrV C ont2-Vp|, this FET remains OFF. 
For example, let N = N' = 2, and assuming V con ti - V con t2 = -2.6 V (self-biasing due to the 
gate current causes the DC voltage drop to be less than the difference in control voltages, 
-3V), the junction voltages can be simulated according to Equations (23) to (30). 

Given that Prf max = 37 dBm, V p , = -IV, co = 2n fo = 1 GHz, Figure 15 illustrates 
examples of voltage swings in the FET junctions vs. time. As illustrated by Figure 15, 
during the first half period of the RF signal v, Vgisi changes from deep negative to 
shallow negative, but remains below Vp, while Vgidi becomes more negative. Thus, 
FET 81 of Figure 9 remains in the OFF state while FET 83 of Figure 9 and FET 82 of 
Figure 9 turn ON for some time period due to the junction voltage exceeding Vp 

Similarly, as further illustrated in Figure 15, during the second half period of the 
RF signal v, Vq6D6 and Vq6S6 remain below Vp so that FET 83 of Figure 9 stays in the 
OFF state while FET 82 of Figure 9 and FET 81 of Figure 9 turn ON. 

The results indicate that at least one of the FETs in the receiver branch 80 of 
Figure 9 remains in the OFF state for the full RF cycle, thus, preventing power leakage 
from the receiver branch 80 of Figure 9 and significantly improving the harmonic 
distortion. The power handling capability is enhanced as well due to the better isolation. 

As mentioned above, the present invention provides a n+ cap layer (815, 825, and 
835) on top of the transistor connection area (817, 827, and 837), as shown in Figure 10, 
11, and 12 to reduce the ON-state resistance between the two gate metals when utilizing 
HEMT switches. 

With respect to the conventional dual-gate HEMT, as illustrated in Figure 16, the 
area 930 between the gate fingers 910 and 920 is exposed. Consequently, the surface 
potential, Vsurface, can easily deplete the non-doped exposed layer 970, resulting in a 
decrease in the electrical carrier density and an increase in resistance R gg , in this segment. 

Normally, the total resistance in an ON-state dual-gate FET can be written as: 

Rtot=2R s +2R ch +R g g (36) 
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In this situation, high Rgg causes a high R tot , thereby, leading to high insertion 

loss. 

In a conventional HEMT structure, R s is about 0.12 Qnm, Rch is about 1.2 Qnm 
for a 0.5um gate length in an ON state transistor, and R gg is about 0.7 Hnm when the 
non-doped layer 970 is exposed. The theoretical effect of Rg g on the insertion loss in an 
SPDT switch can be calculated as follows. 

Assuming a gate width of 1 mm, three dual-gate HEMTs in series create an ON 
state resistance Ron of about 6.1 Q According to Equation (9), the insertion loss is about 
0.52 dB. 

With the modified layout according to the concepts of the present invention as 
illustrated in Figures 10-12, the heavily doped cap layer (815, 825, and 835 as shown in 
Figure 10, 11, and 12, respectively) screens any surface potential change, which helps to 
minimize the channel resistance in this segment. In this case, R gg is about 0.25 £him. 

Thus, Ron is estimated as 4.7 Q, i.e., 0.4 dB insertion loss; indicating that the 
application of the cap layer (815, 825, and 835 as shown in Figure 10, 11, and 12, 
respectively) on top of the connection area dramatically improves the insertion loss. 

In summary, the present invention provides a SPDT T/R switch, which is 
composed of a plurality of dual-gate metal-semiconductor field-effect transistors 
(MESFETs) or dual-gate HEMTs connected in series and coupled to a receiver port and 
an antenna port and a plurality of dual-gate MESFETs or HEMTs connected in series and 
coupled to a transmitter port and an antenna port. The two gate metals in two of the 
FETs, respectively, are fabricated with a gate size several times larger than the others. 
One of the large sized gates is positioned closer to source (or drain) port than to drain (or 
source). The second large sized gate is positioned in the opposite way, closer to drain (or 
source) than to source (or drain) port. 

The longer gate size is realized by making the gate length N times longer than the 
others and by increasing the gate width. The increased gate size results in larger parasitic 
capacitances between the gate to its surrounding metals, such as source port and drain 
port. The reduced space between the gate to neighbor metals leads to further increases in 
the parasitic capacitance while the series resistance is reduced. Therefore, the 
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distribution of RF signal on each OFF-state FET in the receiver branch is modified and is 
different from the traditional switch where the RF signal is uniformly distributed across 
all OFF-state FETs 

The voltage swing in the junction of the large gate size FET is significantly 
reduced so that the OFF state is maintained. Thus, the modifications in the FET design 
enhance the power handling capability and reduce the creation of harmonic distortion. 

Also, according to the concepts of in the present invention, a dual-gate FET SPDT 
switch with modified gate sizes, parasitic capacitance, exhibits low distortion and high 
power handling capability without the need for additional circuitry. The cap layer 
modifications to the HEMT design results in the reduction of HEMT SPDT switch 
insertion loss. Additionally, by designing in parasitic capacitance and eliminating the 
need for external capacitors, the present invention greatly improves the resilience to 
electrostatic discharge (ESD), which can cause catastrophic damage. 

The circuit configurations of the present invention, as presented above, provide a 
low insertion loss, high linear output power, and low harmonic distortion SPDT. It is 
also noted that the concepts set forth above can be extended to include additional 
branches and ports. That is, the present invention could be constructed in like manner 
that has two or more receive branches and ports, and/or two or more transmit branches 
and ports. 

While various examples and embodiments of the present invention have been 
shown and described, it will be appreciated by those skilled in the art that the spirit and 
scope of the present invention are not limited to the specific description and drawings 
herein, but extend to various modifications and changes all as set forth in the following 
claims. 
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